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Introduction

Seebeck-Effect

a=AV/AT N 5!
Thermoelectric Figure of Merit Z
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A
-t » - a: Seebeck Coefficient
T. Seebeck (1821) Physik Journal, Mai 2007, IT: Peltier Coefficient

Sommerlatte, Nielsch, Bottner

Peltier-Effect c, M. electrical and thermal

conductivities

J. C. A. Peltier (1834) T’
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Introduction

Applications of Thermoelectrics

Coolers Detectors, Sensors Generators
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Introduction

Seebeck-Coefficient
a,and o,

Electrical Conductivity
c, and G,

Thermal Conductivity

A, and A

Dimensionless Figure of 7T = T
Merit ZT A
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cooling

Figure of Merit
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Introduction

Current Bulk Thermoelectric Materials
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Thermoelectric
Effects in ANSYS 9
and higher
(Antonovaet al., ICT
2005)

Example for COMSOL
implementation:

Rearrange equations ...

| Field equations Constitutive equations

pCE;—i:wLV-q:& q=[0]3-[1] vr
J=[o]-(E~[a] VT)
V.(J+%}=O D:[z-;]E,
==V .

.

Coupled-Field Equations

Ll a)-v () vr)- &

Nomenclature :

£ =density

C = specific heat capacity

T = absolute temperature

¢= heat generation rate density
q = heat flux vector

J = electric current density vector
E = electric field intensity vector
D =electric flux density vector
[,l] = thermal conductivity matrix
[ch = electrical conductivity matrix
[er] = Seebeck coefficient matrix,
[[1]=T[er] = Peltier coefficient matrix
[¢]=dielectric permittivity matrix

v M (o] [} VT)+ V(6] ¥0)=0  nonors, Looman. 1cT 2005

3

~ V(6T + A)VT) = V(6aTW) = 6((W)? + aVT W)

V(caVT)+V(eW) =0
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Thermoelectrics in
COMSOL:

Rearrange equations ...

... to match with PDE-
application modes
(coefficient form,

—V((6a®T + A)VT) = V(caTW) = ¢((W)? + a VT W)
V(caVT)+ V(W) =0

2
caZTg+daZ—T+V-(—0Vu—0:u+y)+ﬂ-Vu+au=f in Q

. P T
different notation!) n-(—cVu p +y) tqu=g-— h y on 80
hu=r on 0Q
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Thermoelectrics in
COMSOL:

Thermoelectric coupled — 6((0052-'- + ﬁ)%T) — 6(0051—6\/) = 0((6\/)2 + 0561—6\/)
field equations V(GO{VT) n V(GW) —0

2
... example: static gﬂ%+j{%'+v-(—cVu—M+W+m= f in Q
]

thermoelectrics

T
n-(—cVu—our+p)+gr=g—h pu on 0Q
hu=r on 0f)
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Thermoelectrics in COMSOL:

Defining
-Application mode

PDE-Mode, coefficient Form

- Field Variable

(T
u

V

Model Havigator |

Mulkiphrysics | Cormponent Libraryl ser C-:umpu:unentsl

Space dimension: |3D

[_4 AppNcation Modes

= COMSOL Multiphysics

-] Arcoustics

[#- ] Corwection and Diffusion
- | Electromagnetics

-] Fluid Dynamics

- | Heat TransFer

(-] Structural Mechanics

=}~ 4 FDE Modes

-] Classical PDEs

: PDE, Coefficient Form

PDE, General Form
Weak Form, Subdomain
Weak Form, Boundary
Weak Farm, Edge

seesee

Weak Form, Poig

Dependent variaf |T W

[
B

-
=]
=

=

o

o

f=]

3

E]

=l

E name; |Thermu:||

Element:

ILagrange - Quadratic

~Multipheysics

Add | Remove |

|| Geoml (309
(e MFCE, “ocfficient Form (thermo)

Dependent variables; T4

Application Mode Properties. .. |

Add Geometry, .. |

Add Frame, .. |

Fuling application mode:

|F‘DE, Coefficient Form (therma) j

I Mulkiphyysics

Ok I Cancel | Help
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Thermoelectrics in COMSOL:

1
|
Defining model |
. I
geometry, example: | t
P-Type thermoelectric leg | pType
Thermoelectric Electrode
// 2 Material, 2 (Copper),
‘ 1,3
I Seebeck a, p: 200e-6 6.5e-6
| i Coefficient VIK n: -200e-6
; Electric c, 1.1e5 5.9e8
! | conductivity S/m
1’ 3: Copper eIeCtrOdeS | Thermal A, W/m/K 1.6 350
wxIxh: 1x1x0.1mm3 conductivity
' ' Density [} 7740 8920
_ o \;;SQK kg/ms3
2. p-type thermoelectric leg e | 3 || Hea c, 154.4 385
wxIxh: 1x1x5.8mm3 Capacity kgl
) ' Antonova, Looman, ICT 2005
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Seebeck-Coefficient /V/K

Thermoelectrics in COMSOL.: /L /109K /W/xm/K  10°ANm
100 75 2.5 185
150 125 2 142
Temperature dependent material 200 170 155 100
properties for p-Bismuth Telluride 250 200 135 72
300 218 1.28 60
350 225 1.35 55
400 218 1.75 70
Seebeck-coefficient o thermal conductivity A
xo* 2.6f «10° _€lectrical conductivity o
&2 o] BERH 1.8 :
2 %2'2 E16
v g 2 pr] g
1.6 s )
- 51.3- §1.2
1.2 T 16| : 1 g
1 2 < 0.8 /
0.8 o 0.6 J
0 50 ioo 150 200 250 300 350 400 45( 1'20 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
Temperature /K Temperature /K Temperature /K

Seifert, W., Ueltzen, M., Muller, E.; One Dimensional Modelling of Thermoelectric Cooling; phys.stat.sol. (a) 194, No.1, pp 277 — 290; 2002
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Thermoelectrics in COMSOL:

Subdomain Settings - PDE. Coefficient Form [thermo]

oL

ng * 3
Defining coefficient c:

A+oa’T ool

oo O
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Thermoelectrics in COMSOL:

Subdomain Settings - PDE, Coefficient Form [thermo]

3

Defining coefficient f

. ((W)zmww)
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Thermoelectrics in Geometry Temperature Voltage
COMSOL Max: 273.149 Max: 0.0451

270

0.045

d. |

0.04
260

0.035

250 {0.03

10.025
240

4 solve

PlyEe ﬁ
| I i

0.02

230 0.015

0.01

220
0.005

0s

Min: 212.257
A p-type thermoelectric element is contacted by copper

electrodes (left). The base is kept at 0°C and 0V. At the top

s 0.7A current was applied. Adiabatic boundary conditions
0°C., OV were used. The resulting temperature distribution is shown

in the center, the voltage is shown right. A temperature

Boundary conditions: difference of nearly 61 K is achieved. The voltage at the

lectrode is 499 mV.
Heat load g (here OW), current | upper electrode is 499 m
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,complex “ geometries

10°C

Example for a more “complex”
element geometry: The copper
electrodes are laterally connected
(with respect to the temperature
gradient). Left side: Temperature
distribution, the top is set to 10°C,
the base is at 0°C. The appropriate
Voltage is shown in the middle; the
left graph shows the voltage color 0°C

coded electric streamlines and the —
temperature as a slice plot.

E
2
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Thermal- electric- mechanic effects

Model Mavigator |
Multiphrysics I Component LiI:urar\y'l User Cu:umpu:unentsl
i o - | Multiphysics
Te m pe ra‘tu re Space dimension: |3D _I Py
— Add | Remaove |
It ) Application Modes
Vo age {3 COMSOL Multiphysics e
: =) MEMS Module : HELes —— .
DlS I men e : S W5 olid, Stress-Strain (smsld)
p ace e t B J Struturaan: ------ # PDE, Coefficient Form ()
e W=, Stress-Str:
Stress # Solid, Skress-Strain with Film Darmping
[+ # Piezo Solid
[+~ # Film Damping
[+ ) Electrostatics
[+ Microfluidics
B ) Moving Interfaces Dependent wariables: v w p
B[ 2) Fluid-Structure Interaction et 4 : |
[+ ) Electro-Thermal Interaction AppIEEIEm (RS PiTepEmES..
(=3 Thermal-Struckural Interaction Add Geametry. .. |
[+ # Salid, Stress-Strain with Thermal Expansion
#dd Frame. .. |
L th ermoe | eCtrl C effe CtS Dependent variables: |2 w2 w2 p2 Ruling application mode:
: Application mode name:  [smsld| IF'DEJ Coefficient Farm {c) ﬂ
e strain :
. Elemnent: ILagrange - Quadratic ;I I Multiphysics
 thermal expansion
* No piezo-effect ok | ool | b |
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Thermoelectric and

thermomechanic effects

Elastic material properties of Bi,Te; ¢; in 10*tdyn/cm?

at 280K
Ci Ces Ca3 Cag Ci3 Cia
6.847 2.335 4.768 2.738 2.704 1.325

Bi,Te,

Thermal expansion coefficient a, / 10%/K at 300K of

a,

ay

a'Z

21.3

14.4

14.4

Landolt-Bdrnstein; Numerical data; ISBN3540121609; Vol 17f, pp.275, 1983

Qv i

— | 0°C, fixed
Thermoelectric Thermoelectric Electrode
material Material (Copper)
properties Bi,Te; based
Seebeck a, p: 200e-6 6.5e-6
Coefficient V/IK n: -200e-6
Electric o, 1.1e5 5.9e8
conductivity S/m
Thermal A, 1.6 350
conductivity W/m/K

Antonova et al., ICT 2005
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Thermoelectric and
thermomechanic effectg

(=]
i

[k o

Example:
Displacement due to thermal
expansion

5 microns shrunken at 1A

4 microns expanded at 2A
(still cooling)

H =24 : |
J_x Mint -:g.u
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Thermoelectric and thermomechanic

li(16)=1.5 Boundary: T-TK Edge: Total displacement [m] Defarmation: Displacement  Max: 600

effeCtS Temperature / displacement %
. . . . .
Example: asymetric material properties
30
20
10
Lif1y=0.001 Max: 77 422
Boundary: T-TK, Edge: Total displacement [m] Deformation: Displacemen 10
10
&0 -20
-0
Min: -30.0
40
li(16)=1.5 Slice: von Mises stress [Pa] Edge: Total displacement [m] Max: 368207
Deformation: Displacement: %107
r 20 Stress / displacement ¥
3
e 25
2
=20
15
o ¥ le-3
L N 1
-—IY -40
X
g 05
e
Min: -51.859
Min: 2.041e5
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Summary

Thermoelectric effects in COMSOL for modeling of thermoelectric cooling,
generation and sensing

Temperature and position dependent material properties

Anisotropic materials (not shown here for thermoelectrics)

Arbitrary geometries

Graded/ stacked materials

Determination of effective material properties (no guantum effects)

Simultaneous modeling of thermoelectric systems including
-Mechanical effects, strain, stress

-Thermomechanical effects

-Convection (not shown here)

-Radiation (not shown here)
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